Volcán Popocatépetl has been the site of voluminous degassing accompanied by minor eruptive activity from late 1994 until the time of writing (August 2002). This contribution presents petrological investigations of magma erupted in 1997 and 1998, including major-element and volatile (S, Cl, F, and H 2 O) data from glass inclusions and matrix glasses. Magma erupted from Popocatépetl is a mixture of dacite (65 wt % SiO 2 , two-pyroxenes þ plagioclase þ Fe-Ti oxides þ apatite, $3 wt % H 2 O, P ¼ 1Á5 kbar, f O 2 ¼ DNNO þ 0Á5 log units) and basaltic andesite (53 wt % SiO 2 , olivine þ two-pyroxenes, $3 wt % H 2 O, P ¼ 1-4 kbar). Magma mixed at 4-6 km depth in proportions between 45:55 and 85:15 wt % silicic:mafic magma. The pre-eruptive volatile content of the basaltic andesite is 1980 ppm S, 1060 ppm Cl, 950 ppm F, and 3Á3 wt % H 2 O. The pre-eruptive volatile content of the dacite is 130 AE 50 ppm S, 880 AE 70 ppm Cl, 570 AE 100 ppm F, and 2Á9 AE 0Á2 wt % H 2 O. Degassing from 0Á031 km 3 of erupted magma accounts for only 0Á7 wt % of the observed SO 2 emission. Circulation of magma in the volcanic conduit in the presence of a modest bubble phase is a possible mechanism to explain the high rates of degassing and limited magma production at Popocatépetl.
INTRODUCTION
From December 1994 until the time of writing (August 2002) , Volcán Popocatépetl (Mexico) has non-explosively degassed an average of 7000 tons/day SO 2 into the troposphere [ Delgado & Cárdenas-G, 1997; DelgadoGranados et al., 2001 ; National Center for Disaster Prevention, Mexico City (CENAPRED), unpublished data, 2000]. The current eruptive period is similar to other eruptions that have occurred in historical time. This is the first time, however, that such massive degassing could be measured quantitatively. Popocatépetl has degassed a total of $20 Mt SO 2 since 1994, accompanied by relatively minor eruptive activity, compared with the $17 Mt SO 2 (Gerlach et al., 1996) injected into the stratosphere in a single day during the climactic, highly explosive eruption of Pinatubo (Philippines) on June 15, 1991.
In this study, we examine various aspects of the process of passive degassing at Popocatépetl. We describe the petrology of recent magmas, and assess the volatile budget during recent volcanic activity. These data are used to estimate magmatic conditions and volatile sources immediately prior to eruption. Based on these constraints we discuss possible processes to liberate the large mass of gases non-explosively emitted by Popocatépetl during recent activity.
Background
Popocatépetl (5452 m) is an andesitic, subduction zone stratovolcano that lies $60 km SE of Mexico City (Fig. 1) . Holocene eruptive activity at Popocatépetl included at least three Plinian eruptions (Siebe et al., 1996a (Siebe et al., , 1996b Panfil et al., 1999) . Since AD 1354, Popocatépetl has experienced at least 12 periods of significant unrest, all of which exhibited volcanic activity similar to the 1994-present eruptive period (De la Cruz-Reyna et al., 1995) .
After nearly 70 years of dormancy, Volcán Popocatépetl began a new period of activity in December 1994 . Elevated levels of degassing, seismicity, and phreatic explosions characterized the initial portion of volcanic unrest at Popocatépetl through early 1996. In March 1996, a dacitic lava dome extruded into the summit crater (GVN, 1996 ; S. De la Cruz-Reyna et al., unpublished data, 1998; Stimac et al., 1997) . Since the onset of the current eruptive period, Popocatépetl has continuously degassed at high rates accompanied by relatively minor eruptions. Eruptive activity includes: (1) vulcanian explosions that eject lithic and juvenile ash and rock debris up to 8 km above the vent; (2) ash-poor 'exhalations' of volcanic gas; (3) periodic lava dome growth, subsidence, and explosive destruction (S. De la Cruz-Reyna et al., unpublished data, 1998) . Eruptions at Popocatépetl are commonly characterized by mixing and mingling of distinct mafic and silicic magmas (Cantagrel et al., 1984; Robin, 1984; Boudal & Robin, 1988; . This includes the most recent active phase extending from 1994 to the present .
From March 1996 until December 2000, 3Á1 · 10 7 m 3 of magma was extruded, based on aerial photogrammetry (S. De la Cruz-Reyna et al., unpublished data, 2000) . During this period the average SO 2 flux was 8400 tons/day (CENAPRED, unpublished data, 2000) , yielding a total of 14Á8 AE 3Á0 Mt SO 2 (average AE20% error because of uncertainties in measuring windspeed; Delgado-Granados et al., 2001) . Assuming $20 vol. % crystals with melt density of 2300 kg/m 3 , about 5Á7 · 10 10 kg silicate melt has been erupted during the March 1996 to December 2000 period of activity. For this mass of silicate melt alone to supply the 14Á8 Mt observed SO 2 emission, the silicate melt phase would have to have initially contained $13 wt % S. This exceeds the experimentally derived sulfur solubility limits in silicic and intermediate magmas by two or more orders of magnitude (Wendlandt, 1982; Carroll & Rutherford, 1985; Luhr, 1990; Scaillet et al., 1998) . This apparent paradox has been encountered by other workers and is commonly referred to as the 'excess sulfur' problem (Luhr et al., 1984; Sigurdsson et al., 1990; Andres et al., 1991; Westrich & Gerlach, 1992; Gerlach & McGee, 1994; Gerlach et al., , 1996 Kazahaya et al., 1994 Kazahaya et al., , 2002 Wallace & Gerlach, 1994; Mandeville et al., 1996; Witter, 1997; Wallace, 2001) .
Previous work
During the 1980s various workers pointed out the importance of magma mixing as a petrogenetic process at Popocatépetl and documented giant sector collapse events at the volcano (Cantagrel et al., 1984; Robin, 1984; Robin & Boudal, 1987; Boudal & Robin, 1988, (Wessel & Smith, 1991). 1989; . Renewal of eruptive activity at Popocatépetl in 1994 stimulated extensive new research on the eruptive history, petrology, and degassing behavior of the volcano (CENAPRED-UNAM, 1995; .
Gas measurements at Popocatépetl have focused on SO 2 , using correlation spectrometry (COSPEC). Carbon dioxide emissions have also been measured using LI-COR and passive infrared spectroscopy (FTIR). COSPEC measurements began in January 1994 and showed emission rates of $1500 to $12 500 tons/day SO 2 (Delgado & Cárdenas-G, 1997; Delgado-Granados et al., 2001) . On rare occasions, SO 2 emissions have reached 30 000-50 000 tons/day SO 2 . LI-COR measurements of CO 2 in June 1995 indicated a flux of between 6400 and 9000 tons/day CO 2 (Gerlach et al., 1997) . Using the same technique, Delgado et al. (1998) reported average fluxes of >40 000 tons/day CO 2 between 1996 and 1998. In February 1998, passive FTIR measured 38 000 tons/day CO 2 with excursions that exceeded 100 000 tons/day CO 2 (Goff et al., 2001) . These measurements establish Popocatépetl as one of the greatest known natural producers of SO 2 and CO 2 .
Relative HCl and HF emission rates were measured using volatile traps from February 1994 until the onset of activity in December 1994 . Some volatile trap samples were also collected in early 1996. Volatile trap studies, combined with SO 2 flux measurements, suggest that between the onset of activity and November 1996, Popocatépetl had emitted 0Á75 Mt HCl and 0Á075 Mt HF . This represents an average emission rate of 740 tons/day HCl and 74 tons/ day HF, respectively. Emission rates measured by passive FTIR in 1997 and 1998 have the range 190-1700 tons/ day HCl and 35-250 tons/day HF (Goff et al., 2001) . The uncertainty in these halogen measurements is estimated to be of the order of AE20% (Goff et al., , 2001 .
ANALYTICAL METHODS
All analyses by electron microprobe (EPMA) were conducted on a four-spectrometer JEOL 733 Superprobe at the University of Washington. Mineral analyses were conducted at 15 kV accelerating voltage, $1-3 mm beam diameter, and 10-25 nA beam current with a maximum count time of 40 s for each element. Elements were calibrated using mineral standards, which were also analyzed at the end of each analytical session to check for instrumental drift. Matrix effects were corrected using the ZAF model of Armstrong (1984) .
Major element glass analyses were performed at 15 kV accelerating voltage and 10 nA with a 5 mm beam diameter and maximum count time of 40 s for each element.
The combination of analyzing sodium first and a defocused beam minimized Na loss during analysis. Plots of intensity vs time suggest Na loss of <0Á2 wt % Na 2 O over a 40 s count time using an anhydrous glass standard. Na loss during analysis of glass inclusions, however, may be significant because of enhanced Na mobility in hydrous glasses (Devine et al., 1995) . No correction was applied for potential alkali loss in hydrous inclusions. Mean standard errors as well as errors based on counting statistics for the major element mineral and glass analyses are shown in the Electronic Appendix (Tables A1 and  A2 ), which may be downloaded from http://www. petrology.oupjournals.org/.
Volatile elements S, Cl, and F were analyzed in glasses, hornblende, and apatite using an improved analytical method originally developed by . Analytical conditions were 15 kV accelerating voltage, 100 nA beam current, 5 mm beam diameter, and 400 s total peak count time. To minimize volatile loss, an iterative scheme was employed in which the beam was blanked for 10 s after every 10 s of counting. This procedure minimized heating of the sample and consequent volatile loss. We conducted a test for volatile mobility under the electron beam and found that the X-ray count rates for S, Cl, and F remained stable during the entire period of analysis. Sulfur and chlorine were analyzed using PET diffraction crystals with the spectrometer aperture window set at its widest setting to maximize the number of X-ray counts. Fluorine was analyzed using an LDE1 diffraction crystal and a new empirical correction method that overcomes peak overlap problems with the Fe Ka line (Witter & Kuehner, 2004) . Because the volatile elements were analyzed in a separate session, we reprocessed the volatile data with major element data (collected previously; see Witter & Kuehner, 2004) to correct for matrix effects using the ZAF model of Armstrong (1984) . Prior to each analytical session, volatile elements were calibrated with NiS (sulfide sulfur), celestite (sulfate sulfur), scapolite 17 120 (chlorine), and synthetic F-phlogopite (fluorine). Analytical precision and accuracy were checked using basalt glass standards VG-2 and A-99 (for S, Cl, and F) and NBS soda-lime glasses 620 and 621 (for S and Cl). The 1s S, Cl and F variations for more than 30 analyses are 1Á5% at 1500 ppm and 13% at 140 ppm for sulfur, 9% at 200 ppm for chlorine, and 5% at 750 ppm and 12% at 300 ppm for fluorine (Electronic Appendix, Table A3 ).
H 2 O, CO 2 , S, Cl, and F in glass inclusions were analyzed using secondary ion mass spectrometry (SIMS) at the Department of Terrestrial Magnetism, Carnegie Institution of Washington. The analytical methods for this technique have been described by Hauri et al. (2002) . SIMS analysis could only be performed on inclusions that were larger than about 40 mm in the smallest dimension.
Major and trace element compositions of four pumice samples and dome rocks from the current eruptive period were analyzed by X-ray fluorescence at the WSU Geoanalytical Laboratory or by fusion inductively coupled plasma mass spectrometry (ICP-MS) at Activation Laboratories, Ontario, Canada. To augment our dataset of whole-rock analyses we flash-melted selected portions of eight more pumice fragments and dome rocks from the same sample suite. The resulting glass beads were analyzed for major elements by electron microprobe. This method enabled us to obtain a bulk chemical analysis of small, uniform portions of compositionally banded pumice and dome rock. All samples were ground using a mortar and pestle, and then melted in a platinum crucible at 1350 C for 10 min. The resulting glass was reground using a mortar and pestle, remelted at 1350 C for a further 10 min, and then quenched in water.
RESULTS Petrology
Rock samples used in this study were obtained from small explosive events that occurred in June and December 1997 and January, March, and April 1998. All samples represent juvenile magma and were initially studied under the petrographic microscope. We focused our analytical efforts on pumice lapilli from the eruption of June 30, 1997 and dense blocks of dome material from the eruption of January 1, 1998. The mineralogy of the dome rocks from explosive events in December 1997 and January, March, and April 1998 is identical to the mineralogy of the pumiceous samples of the June 30, 1997 eruption. The rapid quenching of lapilli from the June 30, 1997 eruption made these samples more suitable for analysis by electron microprobe.
Whole-rock compositions of the January 1998 dome samples (Table 1, Fig. 2 ) are silicic andesite to dacite-similar to samples from the March 1996 dome . Brown and white pumice, erupted in June 1997, are compositionally distinct. Brown pumice is andesitic, whereas white pumice is intermediate in composition between brown pumice and the 1996 and 1998 dome rocks. Whole-rock data suggest no systematic change in major or trace element composition with time.
Recent Popocatépetl eruptive products contain phenocrysts and microphenocrysts of olivine, clinopyroxene, orthopyroxene, plagioclase and hornblende. Microphenocrysts of titanomagnetite, ilmenite, and rare apatite are distributed in a microcrystalline groundmass. Chromian spinel commonly occurs as inclusions in olivine. Titanomagnetite and ilmenite occur as inclusions in pyroxene and rarely in plagioclase. Apatite and rare globular sulfide are also found as inclusions, most commonly in pyroxene. Anhedral xenocrysts of quartz are rare. The groundmass varies from light to dark in color. Dark groundmass consists of a dense network of plagioclase and Fe-Ti oxide microlites in brown glass. Light-colored groundmass contains sparse plagioclase microlites in colorless glass. The relative abundance of mineral phases in Popocatépetl's recent eruptives is: plagioclase > orthopyroxene $ clinopyroxene > olivine > ilmenite $ titanomagnetite $ hornblende > chromian spinel $ apatite > sulfide. Modal analyses are shown in Table 2 .
Olivine (0Á1-1Á5 mm) comes in two textures. Largersized olivine grains (>0Á5 mm) are the more abundant, are generally subhedral, and locally glomerocrystic. They contain abundant chromian spinel inclusions ($15 mm diameter) but no glass inclusions and consist of broad, compositionally uniform cores ) with narrow (20-70 mm) normally zoned rims ). NiO content is high (2300-6700 ppm) and varies sympathetically with MgO content in the cores of these olivine grains ( Fig. 3 and Electronic Appendix, Table A4 ). Some of these glomerocrysts as well as some individual grains of olivine are anhedral and display embayed margins that have reacted extensively with the surrounding silicate liquid. We suggest that these large, Cr-spinel-rich olivines are probably xenocrystic.
The other type of olivine, microphenocrystic (<0Á3 mm), is much less abundant. Some grains have a ·, whole-rock data from various eruptions of Popocatépetl between 1996 and 1998 . A least-squares linear regression has been fitted to the data. R 2 statistics are shown. Open stars are MELTS-derived magmatic end-member bulk compositions (see text for explanation). All Fe is reported as FeO.
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Glass inclusion-bearing olivine microphenocrysts, however, have much lower NiO contents (1100-1800 ppm) for Fo [84] [85] [86] (Fig. 3 ). Orthopyroxene and clinopyroxene are common as phenocrysts in all samples and reach 1 mm in length.
Both clinopyroxene and orthopyroxene phenocrysts contain abundant glass inclusions $5-50 mm in diameter. Rare, globular, sulfide inclusions $5-15 mm in size and lath-shaped apatite 10-50 mm long also occur as inclusions in pyroxene. Microphenocrysts of clinopyroxene and orthopyroxene (30-300 mm) are common, frequently have octagonal or lath-shaped cross-section, and rarely contain melt or mineral inclusions. Most pyroxene core compositions occur as high-Mg-number and low-Mgnumber phases [Mg-number ¼ Mg/(Mg þ Fe 2þ ); Fig. 4 Results are volume percentages of phenocrysts þ microphenocrysts in two dimensions calculated vesicle free; tr., trace amount; n.r., not reported. Ol, olivine; Plag, plagioclase; Op, opaque oxide or sulfide; Px, clino-or orthopyroxene; Amph, amphibole; Gmss, groundmass; Vesic, vesicularity; phenos, phenocrysts (>300 mm); mphenos, microphenocrysts (30À300 mm); mlites, microlites (<30 mm) (after Wilcox, 1954) . *Includes pyroxene and FeÀTi oxide microlites as well as matrix glass. yPlagioclase microlites are the most common mineral phase in the groundmass. They are counted separately as a measure of the crystallinity of the groundmass. zData from . )] vs NiO in olivine. The two types of olivine are shown: Cr-spinel and NiO-rich, glass inclusionfree olivine xenocrysts and Cr-spinel and NiO-poor, glass inclusionbearing olivine microphenocrysts. Results of thermodynamic modeling using the MELTS algorithm (Ghiorso & Sack, 1995) and the inferred bulk composition of the mafic end-member (Table 3) however, are unzoned or have weak normal to reverse zoning (DEn <3 mol %).
Hornblende phenocrysts commonly have an acicular habit and are up to 1 mm in length. More equant hornblende microphenocrysts are generally 0Á2 mm · 0Á3 mm in size. All hornblendes have dark 'gabbroic-type' breakdown rims 30-100 mm across made of tiny plagioclase, pyroxene, Fe-Ti oxides, and rare sulfides. Rare hornblende phenocrysts and microphenocrysts possess small plagioclase or pyroxene cores. Some hornblendes form partial overgrowths on olivine and pyroxene.
Popocatépetl hornblende has a restricted compositional range (Electronic Appendix, Fig. A2 ) are similar to groundmass amphibole (magnesiohastingsite) in mafic inclusions in Montserrat andesite and groundmass amphibole (pargasite) from Unzen volcano . They plot well outside of the field for amphibole phenocrysts (magnesiohornblende) in Montserrat andesite and Unzen dacite.
Complete descriptions of all samples and analyses of all mineral phases are given in the Electronic Appendix, which can be downloaded from http://www.petrology. oupjournals.org/.
Estimation of intensive variables: T, P, and f O 2 Two-pyroxene geothermometry Magmatic temperatures were calculated using orthopyroxene-clinopyroxene pair compositions and the QUILF program . Results are listed in the Electronic Appendix (Table A12 ). Most pyroxene pairs used in the geothermometry calculation were in direct contact; however, a few pyroxene pairs were separated by up to a few millimeters of groundmass.
Low-Mg-number pyroxene core pairs yield temperatures of 959 AE 17 C (n ¼ 12). High-Mg-number pyroxene core pairs are out of equilibrium and do not yield reliable temperature estimates. Temperatures derived from pyroxene rims occur in low-and high-temperature groups. The low-temperature rims yield 949 AE 32 C (n ¼ 11) and involve unzoned to weakly zoned low-Mg-number pyroxenes or high-Mg-number pyroxenes with strong normal zonation. The temperatures derived from the pyroxene cores and low-Mg-number pyroxene rims are in good agreement. The high-temperature pyroxene rims yield 1055 AE 9 C (n ¼ 3) and involve either low-Mgnumber pyroxene with reversely zoned rims or highMg-number pyroxenes with weak normally zoned rims. found one pair of lowMg-number pyroxenes and determined a temperature of 930-950 C using the geothermometer of Lindsley & Andersen (1983) .
Hornblende-plagioclase geothermometry
The composition of Popocatépetl hornblende allows use of the hornblende-plagioclase (Hbl-Plag) geothermometer of . However, accurate application of the Hbl-Plag geothermometer is difficult, as the composition of plagioclase in equilibrium with hornblende at the time of crystallization is unknown. Taking a conservative approach, we assume that at hornblende saturation, the coexisting plagioclase had a composition that lies in the range of the measured plagioclase compositions ). Utilizing the edenite-tremolite geothermometer (for mineral assemblages lacking quartz) over a pressure range of 0-5 kbar, the entire measured plagioclase and hornblende compositional range yields temperatures from $775 to 900 C.
Apatite saturation temperature
Apatite saturation temperatures were calculated using the model equation from :
where T is the apatite saturation temperature (in Kelvin),
is the P 2 O 5 concentration in the initial melt (whole-rock P 2 O 5 content), C l SiO 2 is the SiO 2 concentration in the melt at apatite saturation (whole-rock SiO 2 content), and X is the crystallinity (in wt %). Using whole-rock compositions of the most silicic clasts, and $35 vol. % ($40 wt %) crystallinity (from modal analysis of June 30, 1997 white pumice samples), these calculations suggest apatite saturation at between 945 C and 959 C (n ¼ 4). This is in good agreement with temperatures derived from cores of low-Mg-number pyroxene.
Fe-Ti oxide geothermometry and oxygen barometry
The thermodynamic formulation of and QUILF were both used to estimate temperature and f O 2 from Fe-Ti oxide pairs (Electronic Appendix, Table A13 ). Oxide pairs that did not pass the Mg/Mn partition test of Bacon & Hirschmann (1988) were not used. Most of the oxide pairs used in the T-f O 2 calculation were in contact; pairs not in contact were less than 100 mm apart.
Fe-Ti oxide compositions cover a wide range (X Ilm ¼ 0Á63-0Á79 and X Usp ¼ 0Á30-0Á47). Similarly, temperature estimates from both geothermometers cover a broad range [910-1030 C using QUILF and 1040-1190 C using ; n ¼ 27 pairs]. Oxygen fugacity results are comparable using the two methods and have the range DNNO þ 0Á5 to DNNO þ 1Á5 (where NNO is the nickel-nickel-oxide buffer). analyzed several Fe-Ti oxide pairs from the March 1996 lava dome that have a very similar compositional range. Variable degrees of magma mixing and/or incomplete thermal re-equilibration are possible explanations for the wide variation in T and f O 2 obtained using each method.
The differing results from the two methods, however, must be reconciled. We suggest that the values presented here using the thermodynamic formulation of may significantly overestimate the temperature of Popocatépetl magma. Evans et al. (2001) found that for hydrous, silicic and intermediate volcanic rocks at high oxygen fugacity (>DNNO þ 1) and 700-900 C, the model of overestimates T and f O 2 . This error may be associated with inadequate characterization of the R 3 3ÀR 3 3 2 c transition in the rhombohedral phase (B. W. Evans & M. S. Ghiorso, personal communication, 2001 ). New experimental results for the Fe-Ti-O system at 1 bar and 1000-1300 C are consistent with this hypothesis (Lattard et al., 2001) . The new data suggest that Popocatépetl Fe-Ti oxides equilibrated at temperatures 1000 C at an oxygen fugacity between NNO and DNNO þ 1. This temperature and fugacity estimate is consistent with QUILF calculations. We conclude from this that Fe-Ti oxides record temperatures that probably span the range $900-1000 C and f O 2 ¼ NNO to DNNO þ 1. This range in Fe-Ti oxide results suggests a cooling array that defines a line in T-f O 2 space. Where this line intersects the temperature derived from pyroxene thermometry ($950 C), oxygen fugacity has the value DNNO þ 0Á5.
Glass inclusions
Glass inclusions occur in all mineral phases. We focused analytical efforts on glass inclusions in olivine and pyroxene with the aim of obtaining chemical data on the volatile contents of the pre-eruptive magmatic endmembers. Only glass inclusions that were !10 mm in diameter and without intersecting cracks were considered. Despite taking care in choosing glass inclusions, some analyses displayed elevated Ca and Al contents. These anomalous analyses were interpreted to result from microscopic post-entrapment plagioclase crystallization creating inhomogeneity of the quench products contained in the glass inclusion. Such analyses were excluded from further consideration. The concentration of H 2 O in glass inclusions was estimated using both SIMS and the difference technique (100 wt % -analytical total of major and volatile elements by EPMA; Anderson, 1974) .
Forty-two glass inclusions in olivine were analyzed for major elements ( Fig. 5 ; Electronic Appendix, Table A14 ). Twenty of these glass inclusions in olivine were analyzed for S, Cl, and F ( Fig. 6 ; Electronic Appendix, Table A16 ). Sixteen of these were recalculated for post-entrapment crystallization (PEC) of olivine using the thermodynamic model of . This correction calculation is performed iteratively by incrementally adding back into the liquid (corresponding to the glass composition) instantaneous equilibrium solid in 0Á01 wt % increments. Initial glass composition is assumed to have been reached when the inclusion composition most closely approaches equilibrium with the bulk host phenocryst. The method assumes that the inclusions were sealed throughout the crystallization process and that crystallization was rapid relative to diffusive processes in the crystal. S, Cl, and F concentrations are adjusted by assuming that they are totally incompatible. The magnitude of PEC in olivine-hosted inclusions varies between 1 and 10 wt %. Thus, recalculated volatile contents can be up to 10% lower than the measured values. PEC calculations for these samples using PETROLOG v2.1.3 (Danyushevsky, 2001 ) yielded similar results.
Twenty-one glass inclusions in orthopyroxene and 30 glass inclusions in clinopyroxene were analyzed for major elements ( Fig. 5 ; Electronic Appendix, Table A14 ). Of these, 18 glass inclusions in orthopyroxene and 23 glass inclusions in clinopyroxene were analyzed for S, Cl, and F ( Fig. 6 ; Electronic Appendix, Tables A17 and A18). PEC correction calculations were performed on 13 of the orthopyroxene-hosted glass inclusions using the thermodynamic model of . Calculated PEC in orthopyroxene-hosted glass inclusions ranges from 0 to 5 wt %. PEC calculations using PETROLOG v2.1.3 (Danyushevsky, 2001 ) suggest 1-5 wt % postentrapment crystallization for the clinopyroxene-hosted glass inclusions.
According to the classification scheme of Le Bas et al. (1986) , PEC-corrected glass inclusions in olivine are mostly basaltic andesite. Glass inclusions in clinopyroxene span the range basaltic andesite to rhyolite. Glass inclusions in orthopyroxene are dacite to rhyolite (Fig. 5) . With increasing silica, Al 2 O 3 , TiO 2 , MgO, FeO, CaO, and P 2 O 5 decrease and K 2 O increases. There are no obvious trends for MnO, Cr 2 O 3 , and Na 2 O.
Glass inclusions were chosen for analysis by observation of two-dimensional thin sections. Unseen cracks or re-entrants intersecting a glass inclusion in the third dimension may have escaped detection. These potentially allowed for volatile leakage from the glass inclusion during ascent and eruption. Additionally, diffusive loss of H 2 O or OH may have influenced the water content preserved in glass inclusions. In an attempt to filter out a possible volatile leakage and/or diffusive bias in our data we used the composition of glass inclusions with the highest sulfur and water concentrations to represent preeruptive volatile contents (Fig. 7 ). Glass inclusions with the highest sulfur and water contents generally have the highest Cl contents.
Volatile-rich glass inclusions hosted by olivine are basaltic andesite in composition. The olivine-hosted glass inclusion with the highest volatile content (GI1OL6tsB) contains 1980 ppm S, 1060 ppm Cl, 950 ppm F, and 3Á3 wt % H 2 O. The five glass inclusions in orthopyroxene with the highest volatile contents (MI1opx8tsSCa, MI2-opx8tsSCa, MI3opx8tsSCa, MI4opx8tsSCa, MI2opx1ts-Pumc) are rhyolitic and average 130 AE 50 ppm S, 880 AE 70 ppm Cl, 570 AE 100 ppm F, and 2Á9 AE 0Á2 wt % H 2 O (AE1s). The five glass inclusions in clinopyroxene with the highest volatile contents (MI1cpx25ts1, MI2cpx25ts1, MI1cpx12ts2, MI3cpx12ts2, MI1cpx14tsPumc) are also rhyolitic and average 80 AE 100 ppm S, 760 AE 110 ppm Cl, 830 AE 270 ppm F, and 3Á2 AE 0Á6 wt % H 2 O (AE1s). The volatile contents of intermediate composition (andesite to dacite) glass inclusions hosted by olivine, orthopyroxene, and clinopyroxene are highly variable.
Matrix glasses
Fifty-seven major element analyses and 13 analyses of S, Cl, and F in matrix glass were performed by EPMA (Figs 5 and 6; Electronic Appendix, Tables A15 and A20). The concentration of H 2 O in the matrix was calculated using the difference technique (Anderson, 1974) . Each analysis represents a single point in the matrix glass. Care was taken to avoid the solid phases in microliterich glass by inspecting the region of interest with highmagnification backscattered electron (BSE) imaging. Analyses with unusually high Ca, Al, or Fe contents were presumed to be due to subsurface plagioclase and/or magnetite microlites and were excluded. Our major and volatile element analyses are comparable with those of light and dark matrix glasses found in the March 1996 dome rocks of Popocatépetl reported by .
Matrix glasses have compositions ranging from andesite to rhyolite (Fig. 5 ; Electronic Appendix, Tables A15 and A20) according to the classification scheme of Le Bas et al. (1986) . Brown, microlite-rich matrix glasses are more mafic than colorless, microlite-poor matrix glasses. The matrix glass compositional variations mimic that of the glass inclusions: with increasing silica, Al 2 O 3 , TiO 2 , MgO, FeO, CaO, and P 2 O 5 decrease and K 2 O increases. Within error, no trend exists for MnO, Cr 2 O 3 , and Na 2 O. Matrix glasses from the brown andesite and white dacite pumices of the June 30, 1997 eruption Bas et al. (1986) . Glass inclusions are hosted by olivine microphenocrysts corrected for post-entrapment crystallization (OL), clinopyroxene (CPX), orthopyroxene corrected for post-entrapment crystallization (OPX), and hornblende (HBL). Matrix glasses are shown. Also plotted are silicate liquid compositions of the mafic and silicic end-member magmas derived from thermodynamic modeling using MELTS (Ghiorso & Sack, 1995) and the inferred magmatic end-member bulk compositions. The MELTS-derived mafic liquid is in equilibrium with olivine Fo 84-86 at f o2 ¼ DNNO þ 1. The MELTS-derived silicic liquid data points cover the range of conditions 900-1000 C, 0Á5-1Á5 wt % H 2 O, 500-1000 bar, and (Fig. 7) . Our data suggest a relatively high retention of H 2 O in the matrix glasses. Typically, degassed unaltered glasses at the surface will contain <0Á3 wt % H 2 O (Newman et al., 1988) . The estimated minimum detection limit using the H 2 O by difference technique is $1 wt % H 2 O. We believe the anomalously high H 2 O contents reported here for matrix glass reflect cumulative errors in the 'H 2 O by difference' technique. There appears to be no systematic variation in volatile content of the matrix glass, regardless of the matrix glass color, microlite content, or silica content.
DISCUSSION Evidence for magma mixing
Evidence for magma mixing is abundant in the pumice and dome rocks from Popocatépetl on the macroscopic, petrographic, and chemical level. Hand samples of pumice and dome rocks contain bands and lenses of light and dark material suggesting the mechanical mingling of magmas of differing composition. Disequilibrium textures and mineralogy include olivine (Fo 90 ) in a dacitic to rhyolitic matrix glass (some with orthopyroxene reaction rims), sieve-textured and resorbed plagioclase, reverse zonation in the rims of low-Mg-number pyroxene, and normal zonation in the rims of olivine and high-Mgnumber pyroxene. Our observations are consistent with other studies of Popocatépetl that suggest magma mixing has been a common process during the 40 kyr history of the modern Popocatépetl cone (Cantagrel et al., 1984; Robin, 1984; Boudal & Robin, 1988; .
Definition of the end-member magmas: MELTS modeling
It is likely that one or both of the presumed magmatic end-members may themselves be the product of mixing processes. Nevertheless, variation in the most recent eruption products can be well described by mixing of two distinct and relatively homogeneous compositions immediately prior to eruption, and this final mixing event is likely to be the most relevant in terms of unraveling details of the eruption process. We used the MELTS algorithm (Ghiorso & Sack, 1995) to help define the compositions and intensive parameters of the mixing end-members in the following manner.
We first assumed that end-member compositions lay along the linearly regressed mixing line (Fig. 2) . Compositions along extrapolations of this mixing line were explored to find potential end-member compositions that could have been in equilibrium with phenocryst phases observed in the rock samples. The mineral compositions determined by MELTS must be consistent with phase compositions determined by electron microprobe.
Reasonable pressure conditions were iteratively tested using MELTS. The magmatic conditions were constrained with temperatures, H 2 O contents, and f O 2 determined from the methods described previously. This approach allows simultaneous application of a large number of thermodynamic constraints on potential conditions and compositions. In practice, this places tight constraints on permissible end-member compositions. Estimated bulk compositions and magmatic conditions of the silicic and mafic end-members are shown in Table 3 .
It is generally recognized that MELTS is better calibrated and more accurately represents phase equilibria in mafic compositions. Nevertheless, there is currently no tool that allows simultaneous application of as many phase equilibria constraints in compositions relevant to nature.
The MELTS-modeled silicic end-member is a dacite (65 wt % SiO 2 ) that crystallized predominantly at low pressures (<1Á5 kbar or <6 km) with 0Á5-1Á5 wt % H 2 O and f O 2 ¼ DNNO þ 0Á3 log units. A crystallization interval of 1000-900 C produces a phase assemblage of plagioclase þ clinopyroxene þ orthopyroxene þ titanomagnetite AE ilmenite. MELTS predicts $30-40 wt % feldspar, $6-8 wt % pyroxene, and $0Á5-1 wt % titanomagnetite (at 0Á5-1Á5 wt % H 2 O, 0Á1-1 kbar, 950 C, and f O 2 ¼ DNNO þ 0Á3 log units), which is consistent with modal observations (Table 2 ). The MELTS-predicted silicate liquid compositions at these conditions also match the microprobe analyses for matrix glasses in the samples of June 30, 1997 white dacite pumice (Fig. 5) .
The MELTS-modeled mafic end-member is a basaltic andesite (53 wt % SiO 2 ) with $3 wt % H 2 O and f O 2 ¼ DNNO þ 1 log units (Table 3 ). The pressuretemperature evolution of the mafic end-member consists of olivine fractionation at moderate pressures (2-4 kbar, 1150-1300 C) followed by low-pressure (1-2 kbar, 1050-1150 C) pyroxene fractionation. MELTS modeling and experimental determinations of the olivine/silicate melt distribution coefficient for Ni (Seifert et al., 1988; Snyder & Carmichael, 1992; Gaetani & Grove, 1997 ) support a xenocrystic origin of the large, Fo 87-91 , Ni-rich and Cr-spinel-bearing olivine (Fig. 3) . Using experimental values for the Ni distribution coefficient, the high Ni content in these olivines required large degrees of fractionation to produce the observed Ni contents in the mafic liquid. Such high degrees of fractionation cannot be reconciled with the lower degrees of Fe/Mg fractionation implied in the same mafic liquid. The low-Ni, Fo 84-86 olivines that contain glass inclusions probably did crystallize from the mafic end-member. We speculate that the xenocrystic Fo 87-91 , Ni-rich olivines and their included Cr-spinel were plucked from the mantle and/or crystallized from a primitive Mg-, Ni-, and Cr-rich mantle melt which were subsequently incorporated into Popocatépetl's mafic endmember magma.
Hornblende: a product of mixing
Hornblende phenocrysts and microphenocrysts are found evenly disseminated, surrounded by both the dark and light matrix glasses, in all pumices and lava blocks. Petrographic observations are inconsistent with hornblende originating from only the silicic or mafic endmembers because hornblende is found as partial overgrowths on both low-Mg-number pyroxene and olivine. If Popocatépetl hornblende is derived neither from the mafic nor the silicic end-member, it must have crystallized during mixing. Plagioclase and pyroxene microphenocrysts form cores of some hornblende, suggesting that hornblende saturated very late in the crystallization sequence. In addition, the acicular habit of hornblende suggests that crystallization was rapid. Compositionally, Popocatépetl hornblende is very similar to groundmass pargasite in Unzen dacite and groundmass amphibole (magnesiohastingsite) found in mafic inclusions in Montserrat andesite ; Electronic Appendix, Fig. A2 ).
The concentration of Cl in Popocatépetl hornblende is consistent with a low-pressure origin. found that magnesiohornblende phenocrysts in Unzen lavas contained much higher concentrations of Cl than did the groundmass pargasite. They concluded that the low Cl content of the Unzen groundmass pargasite (100-300 ppm Cl) is a result of crystallization from a partially degassed magma. Popocatépetl hornblende also has low Cl contents (<300 ppm Cl). We infer that Popocatépetl hornblende also crystallized from a partially degassed magma and that partial degassing may have served to enhance hornblende saturation (Ghiorso, 1999) .
Proportions and depth of magma mixing
With the compositions of the mixing end-members estimated, we can calculate the proportions of mixing needed to derive the compositions of individual pumice or lava clasts (Table 3) . Compositions of the most mafic samples ($58 wt % SiO 2 ), represented by brown andesite pumice erupted on June 30, 1997, are consistent with mixing of $55 wt % mafic end-member and $45 wt % silicic end-member. The most silicic clasts ($63 wt % SiO 2 ) are represented by white dacite pumice erupted on June 30, 1997 and gray dacite dome rocks erupted on January 1, 1998. These are inferred to be made up of $85 wt % silicic end-member and $15 wt % mafic end-member.
Based on the minimum pressure estimates for the mafic end-member (1 kbar) and the maximum pressure estimate for the silicic end-member (1Á5 kbar) derived from the MELTS simulations presented above, we infer that magma mixing occurred at pressures between $1 and 1Á5 kbar ($4-6 km depth). This result is toward the shallow end of the $4-13 km range of mixing depths proposed by for the recent eruptives of Popocatépetl.
Immediate sources of volatiles
There are several models that could explain the observed gas emissions at Popocatépetl. These include: (1) degassing from erupted silicate melt; (2) degassing from large bodies of unerupted magma intruded at shallow levels into the volcanic edifice; (3) fumarolic remobilization; (4) breakdown of sulfur-bearing magmatic phases; (5) assimilation of carbonate and evaporite country rock; (6) a separate volatile phase in the erupted magma. We also present convection of magma in the volcanic conduit supplemented by a separate volatile phase in the convecting magma as a viable scenario to explain the degassing process.
Degassing from erupted silicate melt
Volatile contents of glass inclusions and coexisting degassed matrix glasses can be compared to estimate the extent of SO 2 degassed from silicate melt during eruption. This calculation is performed using the equation (Gerlach et al., 1996) 
where E SO 2 is the mass of SO 2 emitted, V is the volume of erupted magma, r melt is the density of the silicate melt phase, DS is the difference between sulfur concentration in glass inclusions and matrix glass, and F melt is the volume fraction of melt (i.e. 1 -crystallinity). The amount of degassing from the silicate melt portion of Popocatépetl's erupted magma is governed by the relative contribution of volatiles from the melts of the two end-member magmas. As the bulk proportion of mixing between the end-member magmas prior to eruption is unknown and/or may vary with time, we investigate the entire range of mixing proportions represented by individual clasts, i.e. 45:55 wt % and 85:15 wt % silicic: mafic magma. The amount of sulfur each magmatic end-member contributes to degassing can be estimated by taking the difference in sulfur content between glass inclusions and the matrix glass for mafic and silicic end-members. Equation (2) yields 0Á13 Mt SO 2 for the 45:55 mixture and 0Á04 Mt SO 2 for the 85:15 mixture. Regardless of mixing proportion, sulfur dioxide emitted from the melt portion of 3Á1 · 10 7 m 3 of erupted magma is over two orders of magnitude lower than the 14Á8 Mt SO 2 emission measured by COSPEC during the magmatic period under study. Even if 100% of the exsolved gas came from the melt phase of an aphyric mafic endmember with a volume of 3Á1 · 10 7 m 3 , SO 2 emission increases to only 0Á27 Mt.
HCl and HF emissions can be estimated using expressions analogous to equation (2). Chlorine emission calculations utilizing petrological data yield a total emission of 0Á02 Mt HCl for the recent 4 year 10 month magmatic period. Similar to the case for SO 2 described above, the calculated HCl emission is approximately two orders of magnitude less than the $1Á8 Mt HCl total emission measured by passive FTIR (Goff et al., 2001) . The amount of fluorine that has exsolved from the melt portion of erupted magma is difficult to assess because the matrix glass F content significantly overlaps the F contents in glass inclusions in phenocrysts. As a result, the mass of degassed F cannot be reliably calculated.
Degassing from large bodies of unerupted magma intruded to shallow levels Degassing of magma emplaced at shallow levels within the volcanic edifice has been proposed as a source of 'excess' sulfur and other volatiles (Rose et al., 1982; Andres et al., 1991) . To produce 14Á8 Mt SO 2 , melt degassing from a hypothetical silicic end-member composition (DS ¼ 100 ppm, r melt ¼ 2340 kg/m 3 , F melt ¼ 0Á65) would require complete degassing of $50 km 3 magma. Melt degassing from a mafic end-member composition (DS ¼ 1950 ppm, r melt ¼ 2470 kg/m 3 , F melt ¼ 0Á9) would require a volume of $2 km 3 magma to completely degas.
Efficient degassing of silicate melt requires either high degrees of crystallization or low pressure. Our analyses of glass inclusions suggest Popocatépetl mafic and silicic melts contain $3 wt % H 2 O prior to eruption. According to the H 2 O solubility model of Moore et al. (1998) , the mafic and silicic magma compositions of Popocatépetl are saturated with 3 wt % H 2 O at a pressure of $700 bars ($3 km depth). CO 2 will probably saturate at greater depth, but the volume fraction of this CO 2 -rich vapor will be small until depths at which appreciable H 2 O comes out of solution (Newman & Lowenstern, 2002) .
If we assume complete degassing of a 2 km 3 magma body intruded at 3 km depth as a result of crystallization, we can employ modified Mogi modeling (Okada, 1992) to estimate the surface deformation associated with intrusion of such a magma body. Calculations using the Mogi.m code (P. Cervelli, personal communication, 2000) predict 57 m of vertical displacement. Incomplete degassing would require more magma, leading to greater surface deformation. Likewise, emplacement at depths shallower than $3 km would also lead to greater vertical deformation than the predicted 57 m. Continuous GPS deformation monitoring of Popocatépetl has so far shown negligible deformation (Cabral-Cano et al., 1999) . In conclusion, degassing from a shallow magma body recently intruded into the volcanic edifice is an unlikely source of 'excess' sulfur at Popocatépetl.
Fumarolic remobilization
Some sulfur emissions may be derived by fumarolic remobilization of pre-existing sulfur deposits within the volcanic edifice (M. O. Garcia, personal communication, 2000) . Such sulfur deposits may take the form of fumarolic precipitates of native sulfur and a variety of other sulfur-bearing minerals filling cracks in wall rocks. Intrusion of fresh magma could provide the heat necessary to liberate sulfur from these deposits.
To produce the 14Á8 Mt SO 2 would require remobilization of 7Á4 Mt of native sulfur. Such a mass of native sulfur would occupy 3Á6 · 10 6 m 3 (r ¼ 2070 kg/m 3 for native sulfur). This volume is equivalent to a 15 m wide, 1000 m long annulus of pure sulfur around a hypothetical 30 m radius cylindrical conduit. The existence of a pure sulfur deposit of this size seems unlikely. Additionally, remobilization of much smaller volume sulfur deposits that are widely disseminated in narrow cracks would require heating of an unreasonably large volume of wall rock to produce the observed sulfur emissions. The flux of sulfur derived from fumarolic remobilization is probably negligible compared with the total sulfur output.
Breakdown of sulfur-bearing magmatic phases: anhydrite and sulfide
The volume of silicate melt required to produce the observed SO 2 emission can be reduced if melt degassing is supplemented by significant breakdown of sulfurbearing phases such as anhydrite or sulfide. Primary anhydrite has not been observed in Popocatépetl magmas. This is consistent with our estimate of redox state for these lavas (DNNO $ 0Á5), which is not sufficiently oxidized to stabilize anhydrite (Carroll & Rutherford, 1987; Luhr, 1990) .
Fe-rich sulfide globules are found as inclusions in pyroxene. In addition, Fe-Ni-and Fe-Cu-rich sulfide globules are found among the breakdown products in hornblende reaction rims and on the edges of phenocrysts in contact with silicate melt (Witter, 2003) . These sulfides could contribute to sulfur output at Popocatépetl. Larocque et al. (2000) proposed that immiscible sulfide liquids break down during depressurization and degassing to form spongy Fe-oxides and sulfur gas. Rare spongy Fe-oxide grains are found on vesicle walls of recent pumices and lava blocks of Popocatépetl (Witter, 2003) .
To produce the entire 14Á7 Mt of SO 2 gas not accounted for by melt degassing would require breakdown of $15 vol. % sulfide liquid in the erupted volume. If this occurred, we would expect to find a sub-equal amount of spongy Fe-oxide breakdown products in the recent Popocatépetl eruptives. As such a large concentration of sulfide liquid is unlikely and we find only trace amounts of spongy Fe-oxides, breakdown of sulfide liquid is unlikely to have produced more than a small portion of the measured SO 2 emissions.
Assimilation of carbonate and evaporite country rock
Cretaceous marine carbonate, shale, and evaporite form outcrops near Popocatépetl and are presumed to compose part of the basement rocks that underlie the volcano. Early Tertiary intrusive bodies cut these marine rocks and it seems plausible that dikes feeding Popocatépetl would also intersect these rocks (Goff et al., 2001) . Volatile-bearing carbonate and evaporite country rocks could be assimilated into Popocatépetl magma and provide a rich non-magmatic source for the emitted volatiles. Goff et al. (2001) hypothesized that episodic ingestion and assimilation of carbonate country rocks may explain huge excursions in the CO 2 flux from Popocatépetl. Large, short-term increases in the CO 2 /SO 2 mass ratio, the presence of metamorphosed carbonate xenoliths in eruptives from the last 14 kyr, and the lack of an adequate alternate source of CO 2 were provided as support for their hypothesis.
Although we do not have CO 2 data from glass inclusions in phenocrysts from the recent eruptives of Popocatépetl to address this hypothesis, S, Cl, and F emissions appear to be decoupled from CO 2 emissions. During large increases in the CO 2 /SO 2 mass ratio, SO 2 /HCl and SO 2 /HF ratios remain stable (Goff et al., 2001) . If the 'excess' CO 2 is caused by carbonate assimilation then this suggests that the assimilated country rock does not contain appreciable quantities of S-, Cl-, and F-bearing minerals.
Sulfur isotope data for Popocatépetl gases indicate d 34 S ¼ þ1Á5 to þ6Á5‰ with an average of þ3Á4‰ . Gypsum from a regional evaporite deposit yielded a d 34 S value of 16Á4‰. The sulfur isotopic composition of Popocatépetl gases falls within the range for gases from continental margins and island arcs (d 34 S ¼ 0 to $12‰; Taylor, 1986) . Sulfur originating from the primitive mantle has d 34 S $1‰. Goff et al. (1998) suggested that isotopic enrichment of the gas phase over mantle values reflects assimilation of evaporite country rocks. Alternatively, if a more typical arc d 34 S magmatic signature for Popocatépetl magmas is assumed, then little to no contamination is required to produce the observed d 34 S values. Isotopic fractionation of sulfur between various phases and oxidation states can be expected to increase d 34 S without requiring assimilation (Ohmoto & Rye, 1979) . Continued degassing of the magma reservoir can be expected to increase d 34 S still further, as described by McKibben et al. (1996) . Both acid gas ratios and sulfur isotope systematics provide evidence that the contribution of evaporite to the volatile budget at Popocatépetl is probably relatively minor.
Separate volatile phase in erupted magma
Recent work has suggested that arc magmas are commonly volatile-saturated at depth. Many of these magma bodies may also harbor a substantial coexisting volatilerich fluid phase prior to eruption (Luhr et al., 1984; Anderson et al., 1989; Lowenstern et al., 1991; Westrich & Gerlach, 1992; Lowenstern, 1993; Gerlach & McGee, 1994; Gerlach et al., , 1996 Wallace & Gerlach, 1994; Wallace et al., 1995; Wallace, 2001) . A separate volatile phase that exists at depth and ascends with the silicate liquid could be a rich source of magmatic gases to account for the large-magnitude gas emissions at Popocatépetl. The low dissolved Cl content measured in glass inclusions (<1000 ppm) is insufficient for the formation of a hydrosaline brine in equilibrium with Popocatépetl silicate melt (Webster et al., 1999) . A separate volatile phase at Popocatépetl is more likely to be dominated by H 2 O and CO 2 . The composition and relative proportion of such a volatile-rich fluid can be calculated (Table 4 ).
Let us assume that the gas output at Popocatépetl is carried entirely as bubbles within the 3Á1 · 10 7 m 3 magma erupted from March 1996 to December 2000. The erupted magma has a mass of only 74 Mt. If we assume unidirectional, homogeneous flow of only the erupted silicate liquid and crystals and the separate volatile phase, the ascending mixture would have consisted of >60 wt % separate volatile phase. It is unlikely that such high volatile contents can be maintained unerupted at depth for sufficient time to allow their accumulation. For comparison, the Pinatubo magma is inferred to have contained only $1-6 wt % separate volatile phase (Gerlach et al., 1996) . Apart from this unreasonably high gas-silicate ratio, the hypothesis that the entire gas output of the volcano is carried by and emitted only with the erupted magma is inconsistent with the observations of discontinuous magma Estimated by EPMA measurements of S, Cl, and F in glass inclusions and matrix glasses (this study) considering erupted melt only and assuming a 65:35 mass ratio of silicic:mafic end-members. Estimated (see text for explanation).
6
Measured by passive FTIR Goff et al., 2001) .
5
Calculated by assuming that the separate volatile phase contains 95 mol % (Case 1) or 98 mol % (Case 2) H 2 O þ CO 2 and CO 2 /SO 2 mass ratio ¼ 4 .
7
Calculated by summing Columns B, C and D.
8 CO 2 estimates do not include CO 2 degassing potentially derived from assimilated carbonate rocks (Goff et al., 2001 ).
9
CO 2 contents of glass inclusions and matrix glasses were not analyzed in this study. We estimate that the CO 2 contents of glass inclusions are low and would result in a negligible amount of degassing of CO 2 from the erupted silicate melt.
effusion and continuous gas emission (CENAPRED, unpublished data, 2000) .
Likely sources for Popocatépetl volatiles
The hypothesis that gas emissions are derived from the degassing of unerupted silicate melt is still possible; however, we must provide a mechanism for efficiently extracting volatile components from a large volume of melt without erupting more than a small portion of that melt or accumulating significant quantities of the degassed residue in the volcanic edifice. Circulation of magma in the volcanic conduit could explain shallow, non-explosive degassing of large volumes of magma without excessive surface deformation or implausibly large gas-silicate mass ratios. Kazahaya et al. (1994) proposed convection of magma in the volcanic conduit as a mechanism for passive degassing at Izu-Oshima (basaltic) and Sakurajima (andesitic) volcanoes. Allard (1997) suggested a similar process at Mount Etna. Shinohara et al. (1995) modeled convection of granitic magma in a 300 m diameter conduit to explain volatile transport and the development of porphyry Mo deposits. Stevenson & Blake (1998) refined the fluid dynamic equations presented by Kazahaya et al. (1994) with experimental data. They used this revised formulation to explain degassing at Stromboli (basaltic) and the June 1980 gas emissions at Mount St. Helens (dacitic) by convective overturn of dense degassed magma with buoyant volatile-rich magma in a conduit connected to a deep magma chamber. The conceptual model for conduit convection at Popocatépetl is as follows. Magma ascends to very shallow levels through a cylindrical or dike-shaped conduit from a magma body located at deeper levels. At a level where the bubble content reaches $30-60 vol. % (Eichelberger et al., 1986; Klug & Cashman, 1996) , collapse of magmatic foam would force exsolved magmatic gases to travel out of the magma and into wall rocks ( Jaupart & Allègre, 1991) . The relatively dense, degassed magma descends back down into the volcano's plumbing system, making room for influx of fresh, low-density, volatile-rich magma. Following magma-gas separation, gases ascend vertically through permeable wall rocks to be emitted from the crater walls or margins of the dome. This model is similar to that presented by Kazahaya et al. (2002) for the rhyolitic volcano Satsuma-Iwojima.
The required volume of convecting magma is greatly reduced if the majority of the observed volatile output at Popocatépetl resides in a separate volatile phase. Slow accumulation of exsolved gas could take place at the saturated cap of a large magma chamber (Wallace, 2001) . This type of bubble accumulation by compositional convection in a stratified magma body has been modeled numerically by Simakin & Botcharnikov (2001) to explain passive degassing at volcanoes such as Popocatépetl. In the model of Simakin & Botcharnikov (2001) exsolved volatiles are transported from the cap of the magma chamber to the surface through fumarole pipes.
To understand the specific case of Popocatépetl, an estimate of the depth of gas-saturation of Popocatépetl magma is needed. If we use a CO 2 /SO 2 mass ratio of four (Goff et al., 2001) and an H 2 O/SO 2 mass ratio between 5Á1 (Case 1: 95 mol % H 2 O þ CO 2 ) and 15Á7 (Case 2: 98 mol % H 2 O þ CO 2 ) based on calculations of the total gas flux ( Table 4 ) and assume that all of the volatiles were originally dissolved in silicate melt, we can calculate initial melt CO 2 and H 2 O contents and use these estimates to place constraints on the depth of gas saturation. A magma mixture that consists of 35 wt % mafic end-member and 65 wt % silicic end-member (an average proportion based on erupted clasts) would have a bulk initial S content of $780 ppm. The gas mass ratios presented above imply 6200 ppm initial CO 2 content and 0Á8 wt % (Case 1) and 2Á5 wt % (Case 2) initial H 2 O content. The initial H 2 O content calculated for Case 2 is consistent with the $3 wt % initial H 2 O estimates obtained from glass inclusions in phenocrysts. Using either 0Á8 wt % or 3 wt % as the initial H 2 O and 6200 ppm as the initial CO 2 content of the melt, the VolatileCalc 1.1 program (Newman & Lowenstern, 2002) calculates saturation pressures >5 kbar utilizing either the basalt or rhyolite solubility models. This suggests that Popocatépetl magma begins to exsolve gas bubbles at depths >20 km. The first bubbles to exsolve will be CO 2 -dominated; however, once the magma reaches low pressures (<1Á5 kbar) the coexisting vapor will be H 2 O-rich (Newman & Lowenstern, 2002) . From initial saturation to about 6 km depth, the CO 2 -dominated vapor phase will make up an insignificant portion of the magma (<2 vol. %). It is not until the magma reaches <2 km depth that volatiles can make up a sufficient proportion of the magma (30 vol. % or more) to facilitate efficient magma-gas segregation.
For the case of Popocatépetl, we propose that (1) silicate melt and exsolved gas are both sources of volatiles and (2) the mechanism for passive degassing of the large quantities of volatiles involves convection of volatilesaturated magma in the volcanic conduit (Fig. 8) . We explored a range of volumes of silicate material (0Á1-3 km 3 for the range H 2 O þ CO 2 ¼ 95-98 mol %) that consists of 65:35 wt % silicic:mafic end-members with 25 vol. % crystals (Table 5 ). The masses of SO 2 and HCl derived from the silicate material are supplemented by a separate volatile phase until the observed masses of SO 2 and HCl emissions are most closely matched. The calculated weight proportion of exsolved gas has the range $1-56 wt % (Table 5) . HF emissions were not included in the calculation because of large uncertainties in the mass of HF emission from silicate Fig. 8 . Schematic illustration of magma convection and passive degassing processes at Popocatépetl. Magma is saturated with a CO 2 -dominated vapor phase to pressures >5 kbar. Ascending magma crystallizes olivine (at P ¼ 1-4 kbar) and pyroxene (at P < 1Á5 kbar) trapping gas-saturated melt inclusions. At shallow levels (<1 kbar) exsolved vapor is H 2 O-rich. Sulfur dioxide, HCl, and HF partition into the hydrous vapor phase. Accumulation and expansion of bubbles produces a magmatic foam. Collapse of the magmatic foam drives exolved magmatic gases into cracks in wall rock. Gases travel up through the volcanic edifice and are released to the atmosphere through fumaroles. Meanwhile, dense degassed magma descends in the volcanic conduit. The illustration shown corresponds to $1 wt % H 2 O retained in the silicate melt (equivalent to $150 bars or 600 m depth). Diagram not to scale.
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JOURNAL OF PETROLOGY VOLUME 46 NUMBER 11 NOVEMBER 2005 melt. Volumes of silicate material <0Á1 km 3 require high proportions of exsolved gas (>38 wt %). Volumes of silicate material greater than $4 km 3 would release quantities of HCl that are greater than the observed HCl emission. Although all of the mass balance calculations shown in Table 5 are consistent with the SO 2 and HCl emission data, the scenarios that involve separate volatile phases smaller than $10 wt % are the most likely. An H 2 O-dominated separate volatile phase at 2 kbar and 1000 C would have a density of $500 kg/m 3 . At this density, a separate volatile phase that comprises >10 wt % of a magma would make up >30 vol. % of the magma body. Permeability of the magma is thought to begin at porosity values >30 vol. %, therefore, magmas with these porosities are unlikely to be stable storage reservoirs as they would probably readily degas into country rock or erupt as a result of their own buoyancy (Wallace, 2001) . In summary, the best fit for matching the SO 2 and HCl emission data, while also keeping the separate volatile phase a reasonable size, is achieved when degassing 1-3 km 3 of silicate melt with an additional 1-9 wt % separate volatile phase that contains 95-98 mol % H 2 O þ CO 2 .
To illustrate an example of one possible scenario, our data suggest that complete degassing of $1 km 3 of magma (consisting of 65 wt % dacite, 35 wt % basaltic andesite, with $25 vol. % crystals, and no exsolved gas) would release $2Á5 Mt SO 2 and $0Á6 Mt HCl from the melt. Chemical breakdown of sulfide in the $1 km 3 of Popocatépetl magma would supply an additional Table 5 : Volatile contributions to the total gas flux from convecting magma with silicate melt, breakdown of sulfide liquid, and a separate volatile phase as the sources of volatiles (a good match scenario discussed in the text is shown in bold) Silicate material is 65 wt % silicic end-member plus 35 wt % mafic end-member with 25 vol. % crystals; r ¼ 2400 kg/m 3 . Separate volatile phase covers the range from 95 mol % H 2 O þ CO 2 (Case 1) to 98 mol % H 2 O þ CO 2 (Case 2). Greater than 4 km 3 silicate material would release quantities of HCl that are greater than the observed 1 . 8 AE 0 . 4 Mt HCl emission; SVP, separate volatile phase. All data listed as megatons of gas (1 megaton ¼ 10 9 kg). Error associated with the gas emission measurements is AE20%.
$0Á3 Mt SO 2 . An accompanying separate volatile phase that comprises $5 wt % of the magma (Case 1: 95 mol % H 2 O þ CO 2 ), with volatile proportions as outlined in Table 5 , would contain $12Á0 Mt SO 2 and $1Á5 Mt HCl. This process would liberate $14Á8 Mt SO 2 and $2Á0 Mt HCl. These values are within error of the measured gas emissions for the 4 year 10 month time period under study.
Our results imply that a hypothesized 1 km 3 of silicate material degassed at an average rate of nearly 7 m 3 magma per second from March 1996 to December 2000. If we assume an average magma ascent velocity of 1 cm/s, the ascending magma would occupy a cylinder with a 15 m radius to supply the calculated 7 m 3 magma per second. These magma ascent rates and conduit diameters are comparable with those inferred for other andesitic and dacitic, dome-producing volcanoes (Swanson & Holcomb, 1990; Rutherford & Hill, 1993; Nakada & Motomura, 1999; .
Fluid dynamic modeling
Although circulation of magma in the volcanic conduit is easily imagined for low-viscosity basaltic systems such as Izu-Oshima (Kazahaya et al., 1994) , Etna (Allard, 1997) , and Stromboli (Stevenson & Blake, 1998) , the higher viscosities found in the andesitic to dacitic system of Popocatépetl might inhibit magma convection within the volcanic conduit. As a test of the feasibility of convection of the Popocatépetl magma we use a simple fluid dynamic model. The following equation is based on the theory of laminar flow in a vertical cylindrical conduit and experiments by Stevenson & Blake (1998) :
where Q is the rate of magma degassing (m 3 /s), R* ¼ R a /R c is the dimensionless ratio of the radius of the ascending flow of magma (R a ) to the radius of the conduit (R c ), Ps is the dimensionless Poiseuille number (Koyaguchi & Blake, 1989) , g ¼ 9Á8 m/s 2 , Dr is the density difference between degassed and undegassed magma (kg/m 3 ), and m d is the viscosity of the descending, degassed magma (Pa s). We can rearrange equation (3) to solve for conduit radius, R c :
For the case of conduit convection at Popocatépetl, we use Q ¼ 7 m 3 /s. Ps has a constant value of 0Á064 and R* has a value of 0Á6 based on experiments (Stevenson & Blake, 1998) . For density and viscosity we use the same 65 wt % dacite-35 wt % basaltic andesite mixture with 25 vol. % crystals as above. This mixture has a melt with 67 wt % SiO 2 , T ¼ 1000 C, and 3 wt % H 2 O dissolved in the melt prior to degassing. We consider two cases: degassing of 2Á0 wt % H 2 O with 1Á0 wt % H 2 O remaining in the melt (equivalent to $150 bar or $600 m depth; Fig. 8 ) and degassing of 2Á9 wt % H 2 O with 0Á1 wt % H 2 O remaining in the melt (equivalent to 1 bar or surface conditions). These two cases result in calculated density differences of 59 kg/m 3 and 92 kg/m 3 , respectively, using the model of Lange (1994) . This density difference does not include the dramatic density decrease caused by bubble growth at low pressures. The viscosities of the undegassed and degassed magmas are estimated by taking the average viscosity calculated from the non-Arrhenian viscosity models for andesite melts (Richet et al., 1996) and rhyolite melts (Hess & Dingwell, 1996) , coupled with the Einstein-Roscoe equation (Lejeune & Richet, 1995) , which accounts for the effect of crystals on the bulk viscosity. The effect of bubbles on viscosity is expected to be small (less than a five-fold decrease; Stein & Spera, 2002) The high temperature of the mixed magma ($950-1050 C) enhances the potential for conduit circulation at Popocatépetl. An elevated magmatic temperature reduces magma viscosity and eases silicate-gas separation. The presence of a low-density, separate volatile phase could serve to initiate magma ascent and would enhance circulation by adding a potent buoyancy force. Circulation of magma in the volcanic conduit and degassing from both the silicate melt and a modest separate volatile phase is a plausible mechanism to explain the observed gas emissions at Popocatépetl.
CONCLUSIONS
The current manifestation of unrest at Popocatépetl involves the ascent of a basaltic andesite magma with 53 wt % SiO 2 and $3 wt % H 2 O. This mafic endmember crystallized over a pressure range of 1-4 kbar ($4-16 km) and then mixed with silicic magma at a depth of $4-6 km. Hornblende crystallized during or after magma mixing. The silicic end-member magma, presumed to currently reside beneath Popocatépetl, is a dacite with 65 wt % SiO 2 containing $3 wt % H 2 O that probably crystallized at pressures of $1Á5 kbar. The silicic and mafic end-member magmas mixed in proportions in the range 45:55 wt % to 85:15 wt % silicic:mafic magma to produce the erupted clasts. Degassing from erupted silicate melt in addition to sulfide breakdown in that same magma accounts for only 0Á7 wt % of the observed SO 2 emission. Although assimilation of carbonate country rocks appears to be a plausible source for large excursions in CO 2 emission, evaporite assimilation as a source of S, Cl and F gases seems unlikely. If the source of volatiles at Popocatépetl is a separate volatile phase formerly contained only in the erupted magma then the silicate-volatile mixture would consist of >60 wt % low-density volatile phase. This is implausible. If there is no excess volatile phase at depth, then 2 km 3 of the mafic end-member magma or 50 km 3 of the silicic end-member magma must completely degas to account for the observed gas emissions. Complete degassing of $1-3 km 3 of mixed magma with $1-9 wt % separate pre-existing volatile phase can account for the observed gas emissions. Circulation of magma in the volcanic conduit may be an effective mechanism for non-explosive degassing of large quantities of volatiles at Popocatépetl.
Any volcano that (1) emits large quantities of gases, (2) does not erupt sufficient quantities of magma to produce the observed gas emissions, (3) has no alternate source of volatiles other than magma, and where (4) intrusion of magma into the volcanic edifice is minimal, is a potential candidate for degassing by convection of magma in the conduit. For a volcano that exhibits these qualities, one may collect data on the flux of gas emissions, determine pre-eruptive gas content, magma temperature, density and viscosity from samples of coeval magma, then use analytical pipe flow equations to estimate conduit size and determine whether or not magma convection is feasible for the volcano in question. In our view, conduit convection is probably a common mechanism to explain long-term, non-explosive, 'excess' degassing behavior observed at many volcanoes.
Rock samples used in this study were obtained from various small explosive events in 1997 and 1998. All samples are vesicular or were emplaced hot as evidenced by nearby burnt vegetation or melted equipment. All samples represent juvenile magma. We focused our efforts on pumiceous samples from the eruption of June 30, 1997 and dome blocks from the eruption of January 1, 1998. Petrographic studies were also undertaken on samples from other small explosive events in December 1997 and January, March, and April 1998.
One suite of samples was derived from the moderately explosive eruption of June 30, 1997. The sampled eruption products include volumetrically dominant, brown andesite pumice and subordinate, white dacite pumice. Some clasts are banded. The eruption had two pulses and lasted a total of $3 1 2 h. The eruption column rose to a height of at least 13 km above sea level and showered ash on Mexico City. It was one of the most powerful eruptive events at Popocatépetl since 1994 (GVN, 1997a) .
A second suite of samples was derived from a smaller eruption on January 1, 1998. This eruption produced a crystal-rich, poorly vesicular, gray dacite containing volumetrically minor, deformed blebs of darker material. The maximum intensity of the eruption lasted $1 1 2 min and the eruption plume reached $5 km above the crater (GVN, 1997b) .
The various samples of ballistic ejecta from dome explosions in December 1997 to April 1998 are all light to dark gray, dense, crystal-rich lava. Some samples are micro-vesicular whereas others show subtle bands of lighter and darker material.
Petrography and igneous textures
The 1997 to 1998 Popocatépetl eruptive products contain phenocrysts and microphenocrysts of olivine, clinopyroxene, orthopyroxene, plagioclase and hornblende. Microphenocrysts of titanomagnetite, ilmenite, and rare apatite are distributed in a microcrystalline groundmass. Chromian spinel commonly occurs as inclusions in olivine. Titanomagnetite and ilmenite occur as inclusions in pyroxene and rarely in plagioclase. Apatite and rare globular sulfide are also found as inclusions, most commonly in pyroxene. Anhedral xenocrysts of quartz are rare. The groundmass varies from light to dark in color. Dark groundmass consists of a dense network of plagioclase and Fe-Ti oxide microlites in brown glass. Light-colored groundmass contains sparse plagioclase microlites in colorless glass.
Olivine (0Á1-1Á5 mm) comes in two textures. Largersized olivine (>0Á5 mm) are the more abundant and are generally subhedral. They contain abundant chromian spinel inclusions ($15 mm diameter) but no glass inclusions. Some of the large-sized, Cr-spinel-rich olivines occur as glomerocrysts of two or more crystals. Some of these glomerocrysts as well as some individual grains of olivine are anhedral and display embayed margins that have reacted extensively with the surrounding silicate liquid. These large, Cr-spinel-rich olivines are probably xenocrystic.
The other type of olivine, microphenocrystic (<0Á3 mm), is much less abundant. Some have a skeletal (arrow-shaped) habit suggesting rapid growth from the surrounding silicate melt. Olivine microphenocrysts contain few, if any, chromian spinel inclusions but do contain 5-40 mm diameter inclusions of clear brown glass.
Hornblende phenocrysts commonly have an acicular habit and are up to 1 mm in length. More equant hornblende microphenocrysts are generally 0Á2 mm · 0Á3 mm in size. All hornblendes have dark 'gabbroic-type' breakdown rims 30-100 mm across made of tiny plagioclase, pyroxene, Fe-Ti oxides, and rare sulfides. Rare hornblende phenocrysts and microphenocrysts possess small plagioclase or pyroxene cores. Some hornblende grains form partial overgrowths on olivine and pyroxene. Glass inclusions in hornblende are rare.
Orthopyroxene rims on Cr-spinel-bearing olivine are rare and narrow in our samples from the June 30, 1997 eruption. Orthopyroxene rims are more common and better-developed on olivines in samples from the January 1, 1998 dome explosion event and the December 1997 to April 1998 dome rocks. also reported orthopyroxene rims on olivine whereas found abundant and welldeveloped orthopyroxene reaction rims on olivine in Quaternary Popocatépetl lavas. The higher abundance of orthopyroxene rims in the dense lavas and dome rocks probably reflects longer cooling times, compared with the more rapidly quenched pumices erupted on June 30, 1997. Orthopyroxene rims are not found on olivine microphenocrysts.
Anhedral Fe-Ti oxides commonly occur as 5-100 mm inclusions in clinopyroxene, orthopyroxene and, less commonly, plagioclase phenocrysts. Titanomagnetite and ilmenite occur as microphenocrysts (up to 250 mm in diameter) and as microlites (<10 mm in diameter) in the groundmass. Rare Fe-Ti oxide grains contain glass inclusions up to 30 mm in size. Titanomagnetite and ilmenite occur separately as well as in intimate contact. Exsolution of titanomagnetite in ilmenite or vice versa has not been observed.
Orthopyroxene and clinopyroxene are common as phenocrysts in all samples and are up to 1 mm in length. Clinopyroxene phenocrysts are generally euhedral to subhedral. Most orthopyroxene phenocrysts are subhedral; however, some appear reacted and embayed. Both clinopyroxene and orthopyroxene phenocrysts contain abundant glass inclusions $5-50 mm in diameter. Rare, globular, sulfide inclusions $5-15 mm in size and lathshaped apatite 10-50 mm long also occur as inclusions in pyroxene. Microphenocrysts of clinopyroxene and orthopyroxene (30-300 mm) are common, frequently have octagonal or lath-shaped cross-section, and rarely contain melt or mineral inclusions.
Plagioclase is by far the most abundant phenocryst in the recent Popocatépetl samples, reaching 2 mm in size. Many are rich in glass inclusions and concentric bands of glass inclusions in plagioclase are common. Complex, oscillatory zonation as well as subhedral or embayed plagioclase crystals are common. Many plagioclase grains have sieve-textured cores and/or evidence of mineral dissolution followed by regrowth. In contrast, other plagioclase grains are relatively pristine, euhedral and/ or inclusion free. Microphenocrysts of plagioclase (30-300 mm) are common and frequently occur as euhedral laths.
The felty textured groundmass in dark-colored pumiceous hand samples is dominated by randomly oriented plagioclase and Fe-Ti oxide microlites. Some of the plagioclase microlites are lath-shaped whereas others are hopper-shaped. Very little dark-colored, quenched glass is present. Some areas of the matrix in the dark-colored pumiceous hand samples have partially aligned lathshaped plagioclase microphenocrysts and microlites that show a pilotaxitic texture. In light-colored pumiceous hand samples, groundmass is composed of abundant, colorless, microlite-poor glass with a vesicular hyalopilitic texture.
Nearly all samples contain crystal clots of clinopyroxene þ orthopyroxene þ Fe-Ti oxides or plagioclase þ clinopyroxene þ orthopyroxene þ Fe-Ti oxides. They usually occur as one glomerocryst per thin section. Pyroxene-dominated glomerocrysts often have a granular texture. However, glomerocrysts that contain plagioclase exhibit hypidiomorphic granular texture.
The mineralogy of the dome explosion samples of December 1997 and January, March, and April 1998 is identical to the mineralogy of the more pumiceous samples of the June 30, 1997 eruption. However, texturally, the matrix in the dome samples is generally coarser grained, with a smaller proportion of interstitial glass. In addition, textural variations, such as color banding (reflecting regions of microlite-rich vs microlite-free matrix), are less pronounced and subtler in the dome samples compared with the more dramatically banded pumice samples.
Modes and mineral chemistry
Modal analyses were performed by point counting $1300 points per thin section (Table 2) . Hand samples that are darker in color generally have a higher proportion of olivine. White pumice from the June 30, 1997 eruption is rich in plagioclase and pyroxene phenocrysts, but is poor in olivine phenocrysts and plagioclase microlites. In contrast, brown pumice ejected in the June 30, 1997 eruption is richer in olivine, has abundant plagioclase microlites ($35 vol. %) and is poorer in pyroxene and plagioclase phenocrysts than their white pumice counterparts. Vesicular dome rocks ejected on January 1, 1998 have modal proportions that are similar to the white pumice of June 30, 1997 (rich in plagioclase and pyroxene phenocrysts and poor in olivine phenocrysts and plagioclase microlites). However, the January 1, 1998 dome rocks are richer in total phenocrysts ($60 vol. %) than the June 30, 1997 white pumices ($30-40 vol. %). The brown pumice from June 30, 1997 has the lowest proportion of phenocrysts (<20 vol. %). Modal analysis of juvenile rocks by from the first magmatic material effused in March-April 1996 is shown in Table 2 for comparison.
Olivine
Cores and rims of 22 olivine xenocrysts were analyzed by EPMA along with an additional 11 core analyses of olivine microphenocrysts (Electronic Appendix Table A4 ). Large, Cr-spinel-rich olivine xenocrysts contain broad, compositionally uniform cores (Fo 87-91 ) with narrow (20-70 mm) normally zoned rims ). Glass inclusionbearing olivine microphenocrysts also have uniform cores but have a lower Fo content and more limited compositional range ). High NiO content (2300-6700 ppm) varies sympathetically with Fo 87-91 in the olivine xenocrysts. Glass inclusion-bearing olivine microphenocrysts, however, have much lower NiO (1100-1800 ppm) for Fo [84] [85] [86] . The total range of olivine compositions presented in this study is very similar to that reported for Popocatépetl's Quaternary lavas . Our results show a slightly broader range in Fo than the recent eruptives studied by and are comparable with the data for olivine from the March 1996 dome . fig. 2B ) distinguished between high-alumina olivine tholeiites, calc-alkaline basalts, and mafic andesites from the Lassen Peak region on a plot of Fo vs CaO content in olivine. Glass inclusion-free olivine xenocrysts from Popocatépetl plot within the field of calcalkaline mafic andesites but outside the fields for calcalkaline basalts and high-alumina olivine tholeiites. In contrast, glass inclusion-bearing olivine microphenocrysts from Popocatépetl plot outside the three fields in a region of lower Fo-content.
Chromian spinel
Twenty-two analyses of chromian spinel were conducted by EPMA (Electronic Appendix (Luhr & Carmichael, 1985) , and MORB lavas from the Lamont seamount chain (Allan et al., 1989) can be compared with those of Popocatépetl. Popocatépetl chromian spinel plots primarily within the fields of calc-alkaline mafic andesite from the Lassen region and Jorullo basalt to basaltic andesite. The relatively high Cr content may reflect a rather primitive source region for Popocatépetl's mafic input. Our analyses of Cr-spinel are similar to those presented in for recent Popocatépetl eruptives.
Fe-Ti oxides
Twenty grains of titanomagnetite and 20 grains of ilmenite were analyzed by EPMA (Electronic Appendix Table  A6 ). Titanomagnetite and ilmenite compositions have the range X Usp ¼ 0Á29-0Á48 and X Ilm ¼ 0Á65-0Á85, respectively [all analyses recalculated according to Stormer (1983) ]. The compositional range of Popocatépetl Fe-Ti oxides is broadly similar to those found in pumices from the 2Á2 ka eruption of Mount Rainier (Venezky & Rutherford, 1997) . Compared with 1991 Unzen Fe-Ti oxides, Popocatépetl titanomagnetites have somewhat higher X Usp whereas ilmenites have lower X Ilm (Venezky & Rutherford, 1999) .
Pyroxene
Twenty-four core and 23 rim analyses of orthopyroxene were performed by EPMA along with 11 additional analyses of orthopyroxene host mineral near glass inclusions. Three analyses were obtained of an orthopyroxene host near a sulfide inclusion. Twenty-three core and 21 rim analyses of clinopyroxene were performed by EPMA along with 23 additional analyses of clinopyroxene host mineral near glass inclusions. Analyses of pyroxene cores and rims are shown in Electronic Appendix Table A7 . Pyroxene core compositions occur as high-Mg-number and low-Mg-number phases [Mg-number ¼ Mg/(Mg þ Fe 2þ )]. A few pyroxene grains do not fit into the high-or low-Mg-number groupings. Two pyroxenes have intermediate compositions. One clinopyroxene is interpreted to be a xenocryst because of anomalously high Al 2 O 3 content. One orthopyroxene is interpreted to be a Plagioclase Twenty-four plagioclase core and 20 plagioclase rim analyses were performed by EPMA (Table A8) . Plagioclase phenocryst core compositions cover the range An 28-61 . Rim compositions cover a similar range. Zonation is dominantly reverse (up to DAn ¼ 20 mol %) but some phenocrysts are normally zoned (up to DAn ¼ 5 mol %). Petrographic observations discussed previously (oscillatory zonation and dissolution surfaces) suggest that zoning patterns in plagioclase are much more complex than the zoning patterns revealed by individual core and rim EPMA data. It is apparent that there is no correlation between plagioclase composition and phenocryst texture.
In addition, plagioclase compositions do not fall into two clearly defined compositional groups, as do the pyroxenes.
Our plagioclase data are similar to those of for other recent Popocatépetl eruptives. In an exhaustive study of plagioclase zonation in Quaternary lavas from Popocatépetl, found plagioclase phenocrysts with a broader compositional range (An 21-71 ) characterized by complex discontinuous zoning patterns. She also inferred repetitive dissolution and renewed growth. The extremely heterogeneous plagioclase crystal populations had little correlation of zoning between coexisting grains with calcic excursions in An content of up to 37 mol %.
Hornblende
Seventeen major element analyses of hornblende were performed by EPMA. Of these, seven were also analyzed for volatile elements S, Cl, and F (Electronic Appendix  Table A9 ). Popocatépetl hornblende has a restricted compositional range with Mg-number 63-72 [Mgnumber ¼ Mg/(Mg þ Fe T )], 9-13 wt % Al 2 O 3 , low concentrations of Cl ($200 ppm) and high F (2100-5400 ppm). This contrasts with some subduction zone volcanoes such as Unzen and Montserrat that erupt magmas containing two compositionally distinct amphiboles. Popocatépetl hornblende compositions (Electronic Appendix Fig. A2 ) are similar to groundmass amphibole (magnesiohastingsite) in mafic inclusions in Montserrat andesite and groundmass amphibole (pargasite) from Unzen volcano . They plot well outside the field for amphibole phenocrysts (magnesiohornblende) in Montserrat andesite and Unzen dacite.
Utilizing the amphibole nomenclature scheme of Leake et al. (1997) and depending on how they are recalculated, Popocatépetl hornblende can be classified as the calcic amphiboles tschermakite, pargasite, or magnesiohastingsite. The low Na content and high Ca content of Popocatépetl hornblende places them in the calcic group like many amphiboles found in subduction zone magmas. The (Na þ K) content in the A-site differentiates the nomenclature between tschermakite and pargasite-magnesiohastingsite at (Na þ K) A ¼ 0Á5. Popocatépetl hornblende has (Na þ K) A $ 0Á5. The relative proportions of Al VI and Fe 3þ distinguish pargasite and magnesiohastingsite.
Ferric-ferrous recalculation schemes for amphibole generally produce large errors, making exact classification difficult. As a result of these considerations we choose to refer to the Popocatépetl amphiboles under scrutiny with the more generic name 'hornblende'. What is important to emphasize, however, is that despite the difficulty in nomenclature, Popocatépetl hornblende has a restricted compositional range. EPMA of hornblende rims in contact with silicate melt was not possible because of the ubiquitous presence of breakdown rims on hornblende.
Recalculating hornblende EPMA data on the basis of 23 oxygens and utilizing the ferric-ferrous scheme of 
Apatite
Popocatépetl apatite is classified as fluorapatite (Table  A10 ). Systematic zonation of F, Cl, S, Si, Na, Mn, Fe, Mg and Sr in apatite was not found. Recalculating apatite EPMA data on the basis of 13 (O, OH, F, Cl) gives the following chemical formula:
ðCa 5Á01 Mg 0Á04 Fe 0Á03 Mn 0Á005 Sr 0Á002 Na 0Á03 Þ ðP 0Á97 Si 0Á01 S 0Á01 O 4 Þ 3 ðOH 0Á17 F 0Á76 Cl 0Á07 Þ:
Our analyses are similar to those of other volcanic apatites (Peng et al., 1997) .
Sulfide
Sulfide globules (Electronic Appendix Table A11 ) contain 33-40 wt % S and are rich in Fe (30-58 wt %). Sulfide inclusions in pyroxene are the most Fe-rich. Other sulfide globules found in contact with silicate melt, between two differing minerals, or in hornblende reaction rims have variable concentrations of Cu (up to 27 wt %) and Ni (up to 33 wt %).
Sulfide-sulfate wavelength shift analysis
As another measure of oxygen fugacity, two glass inclusions in olivine were analyzed for sulfide-sulfate using the wavelength shift of sulfur Ka X-rays (Carroll & Rutherford, 1988) . Analytical conditions were 7 kV accelerating voltage, 80 nA beam current, and 10 mm beam diameter. We collected X-ray counts simultaneously from two PET diffraction crystals with the spectrometer aperture window set at its narrowest setting to maximize the spatial resolution of the spectrometer's position. The separation between S 6þ and S 2-is 0Á00032 sinq units. We performed wavelength scans across 0Á00072 sinq units in 0Á000018 sinq unit steps counting 30 s at each step to fully define the curve of the sulfur peak. The electron beam was blanked for 30 s between each step to allow the sample to cool. The low accelerating voltage combined with blanking the beam minimized the effects of element mobility and oxidation during analysis (Métrich & Clocchiatti, 1996) . Analytical accuracy of the method was checked on basalt glass standard VG-2 and NBS soda-lime glass 620. The minimum sulfur content necessary to adequately define the sulfur peak at these analytical conditions is $500 ppm.
The results were converted to oxygen fugacity using the method of Wallace & Carmichael (1994) . This method assumes that sulfur is dissolved as S 6þ and S 2-in the glass inclusion and that there is a linear relationship between the S 6þ /S total ratio and the wavelength shift. Recent Xray absorption spectroscopy measurements (Paris et al., 2001) support the validity of these assumptions. Measurements suggest that the silicate melt in olivine-hosted glass inclusions has an oxygen fugacity of DNNO þ1Á2 log units and the sulfur dissolved in the melt is dominated by sulfate (87 mol %). Métrich & Clocchiatti (1996) commented that oxidation of sulfur in glasses can be caused by post-entrapment changes in the Fe 2þ /Fe 3þ ratio of the melt, H 2 loss (by diffusion), and heating as a result of long time periods under the electron beam. In our case, limited post-entrapment crystallization of the host olivine probably minimizes the Fe 2þ /Fe 3þ evolution of the melt. Furthermore, redox calculations using the scheme of suggest that the ferricferrous ratio of the melt will not change substantially during limited post-entrapment crystallization. Hydrogen loss is difficult to assess but may be significant considering the high beam currents, long count times, and hydrous nature of the glass inclusions compared with the nominally anhydrous standard glasses.
Data tables
The data tables found in the Electronic Appendix contain the following information: Table A1 . Mean error associated with electron microprobe analysis of mineral and glass standards. Table A2 . Relative errors based on counting statistics for electron microprobe analyses of minerals and glasses. Table A3 . Comparison of analyses of S, Cl, and F in various glass standards by EPMA and wet chemistry. Table A4 . Electron microprobe analyses of olivine. Table A5 . Electron microprobe analyses of Cr-spinel. Table A6 . Electron microprobe analyses of titanomagnetite and ilmenite. Table A7 . Electron microprobe analyses of clinopyroxene and orthopyroxene (Sheets 1 and 2). Table A8 . Electron microprobe analyses of plagioclase. Table A9 . Electron microprobe analyses of hornblende. Table A10 . Electron microprobe analyses of apatite. Table A11 . Electron microprobe analyses of sulfide globules. Table A12 . Pyroxene geothermometry. Table A13 . Oxygen thermobarometry results from Fe-Ti oxide pairs. Table A14 . Electron microprobe analyses of glass inclusions. Table A15 . Electron microprobe analyses of matrix glasses. Table A16 . Compositions of olivine-hosted glass inclusions and host olivines. Table A17 . Compositions of orthopyroxene-hosted glass inclusions and host orthopyroxenes. Table A18 . Compositions of clinopyroxene-hosted glass inclusions and host clinopyroxenes. Table A19 . Composition of hornblende-hosted glass inclusion. Table A20 . Electron microprobe analyses of matrix glasses. Table A21 . Popocatépetl whole-rock analyses. Hornblende data from this study (·) fall within the field for groundmass pargasite in dacite from the 1991-1995 eruption of Unzen volcano, Japan and the field for groundmass magnesiohastingsite in andesite from the continuing eruption of Soufrière Hills volcano, Montserrat . Hornblende from this study falls outside the field for amphibole (magnesiohornblende) phenocrysts found in rocks from both the 1991-1995 eruption of Unzen and the current eruption of Soufrière Hills .
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